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The genetic information contained in the Kirsten and Moloney strains of
mammalian RNA-containing sarcoma viruses has been analyzed by RNA . *H-
DNA hybridization. Kirsten sarcoma virus has been found to possess two distinct
sets of nucleic acid sequences. One set of sequences is contained in murine type C
helper virus, and the other set is contained in rat type C helper virus. Moloney
sarcoma virus contains sequences of murine type C helper virus but not of rat
type C helper virus. The results indicate that Kirsten sarcoma virus arose
through a process of recombination between Kirsten murine leukemia virus and
nucleic acid sequences found in rat cells. A model is suggested for the formation
of transforming type C viruses involving the transduction of oncogenic informa-

tion.

RNA-containing type C viruses have been
classified into two groups: nontransforming vi-
ruses which productively infect fibroblast cell
cultures called leukemia or helper viruses, and
transforming or sarcoma viruses which produce
morphological transformation of fibroblasts.
Nontransforming helper type C viruses have
been frequently isolated from many species (7)
and are associated with tumors in the lym-
phoreticular system, whereas natural isolates of
sarcoma viruses are relatively rare. The usual
method of isolation of sarcoma viruses in mice
and rats has been prolonged animal-to-animal
passage of the helper virus and the subsequent
isolation from such a stock of two viruses, the
original helper and a transforming or sarcoma
virus which can produce nonlymphoid soft tis-
sue tumors. Two examples of such experiments
were the isolation of Moloney sarcoma virus
(Mo-SV) in mice (13) and Kirsten sarcoma
virus (Ki-SV) by passage of Kirsten murine
erythroblastosis virus (Ki-MuLV) in rats (8).

In many studies (1, 3, 6) on these two
transforming virus isolates it has been found
that infectious sarcoma virus cannot be isolated
free of the helper, nontransforming type C virus.
However, it has been possible to infect cells with
sarcoma virus particles which contain the ge-
netic information necessary for the production
and maintenance of cellular transformation but
not for complete viral replication (1, 3, 6). These

transformed cells do not spontaneously produce
infectious transforming virus. When superin-
fected with helper virus, the cell releases both
transforming and nontransforming virus parti-
cles.

One of the major questions in cancer biology
pertains to the universality of transforming
information (7). As an experimental approach
to this question, several attempts have been
made to characterize viral transforming genetic
material (5, 12, 16). One approach to this
question is the study of the genetic origin of
viral transforming information by nucleic acid
hybridization.

The present study compares the RNA nucleic
acid sequences present in the Mo-SV- and
Ki-SV-transformed nonproducer cells with *H-
DNA products made from endogenous reverse
transcriptase reactions with murine and rat
type C viruses. Evidence of genetically stable
transduction of rat type C viral information into
Kirsten transforming virus stocks is presented,
and a model for the formation of mammalian
sarcoma viruses based on transduction is dis-
cussed.

MATERIALS AND METHODS

Cells. All cells were grown in Dulbecco’s modifica-
tion of Eagle medium with 10% calf serum (Colorado
Serum Co.). The source of all of the cell lines used
has been described (4), and the cells used are briefly
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described and summarized in Table 1. NRK cells
producing endogenous rat type C virus were obtained
by iododeoxyuridine induction of these cells (9) and
cloning a cell line which continuously produced rat
type C virus. Nonproducer lines were derived by
limiting dilution of filtered sarcoma virus stocks and
isolation of transformed cells in soft agar (3) or Falcon
microtest II plates as previously described (14).

Viruses. The source and growth of Ki-MuLV and
Ki-SV has been described (4). For additional studies
to be described below, Ki-MuLV with a known
passage history of having been passed only in mice
was obtained from Wallace Rowe and Janet Hartley,
National Institute of Allergy and Infectious Diseases,
Bethesda, Md. Plasma from the original isolation of
Ki-SV never grown in tissue culture was obtained
from the same source. For the indicated studies, the
original Ki-SV was passaged directly into NIH 3T3
mouse cells and NP foci were derived as noted above.
Rat helper virus was obtained from NRK cells pro-
ducing RaLV as noted above.

Synthesis of virus-specific ‘(H-DNA. The endoge-
nous reverse transcriptase reaction was used as the
source of all products as previously described (4). In
addition, all experiments were performed with prod-
ucts purified to insure that the *SH-DNA synthesized
represented sequences contained in 60-70S viral
RNA. After 1 to 1.5 h of synthesis, the *H-DNA
products were deproteinized with phenol-chloroform,
and with ethanol precipitated with 500 ug of carrier
yeast RNA per ml (4). The *H-DNA bound to 708
viral RNA was isolated on sucrose gradients as
previously described (10, 15). All *H-DNAs were then

TaBLE 1. Cell lines used for hybridization studies®

Cell line Description
NRK Normal rat kidney
Ki-NRK Nonproducer rat cell trans-

formed by Ki-SV
Transformed rat line produc-
ing Ki-MuLV and Ki-SV

Ki-NRK + Ki-MuLV

Ki-NIH Nonproducer NIH mouse cell
transformed by Ki-SV

Ki-A31 Nonproducer BALB/c mouse
cell transformed by Ki-SV

Mo-A31 Nonproducer BALB/c mouse
cell transformed by Mo-
SV

Mo-NRK Nonproducer rat cell trans-

formed by Mo-SV
NIH mouse cell producing
Ki-MuLV

NIH 3T3/Ki-MuLV

3T12 Transformed BALB/c mouse
cell, no exogenous virus
added

NRK (RaLV) NRK (Fisher rat) induced

with iododeoxyuridine pro-
ducing endogenous virus

%Virus abbreviation: Ki-MuLV, Kirsten murine
leukemia virus; Ki-SV, Kirsten sarcoma virus; Mo-
SV, Moloney sarcoma virus; RaLV, rat leukemia
virus.
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processed as described (4) to remove RNA and stored
at —20 C before use. With a six- to ninefold molar
excess of Ki-SV/Ki-MuLV 3H-DNA to Ki-SV/Ki-
MuLV 2?P-RNA or Ki-MuLV °*H-DNA to Ki-MuLV
32P.RNA, 80 to 90 % of the RNA was resistant to
RNase A (16), indicating that the probes contained
the majority of sequences present in viral RNA.

Hybridization. Hybridization conditions and anal-
ysis of the reaction by S1 nuclease have been de-
scribed (4). The final values of hybridization wth our
S1 enzyme were consistently lower (20-30%) than
with cesium sulfate analysis; further discussion can
be found in earlier work (4). Background values in all
cases in the absence of RNA added are 1 to 2% of the
input counts per minute. Total cellular RNA was
extracted as previously described (4).

RESULTS

Virus-specific RNA from Kirsten transformed
nonproducer rat cells (Ki-NRK), from rat cells
producing rat type C virus (NRK-RaLV), and
from rat cells producing Ki-MuLV was meas-
ured by hybridization with *H-DNA made from
Ki-MuLV grown in NIH 3T3 mouse cells (Fig.
1). Rat cells producing Ki-MuLV contain RNA
which readily hybridizes to this product and
saturates the reaction at approximately 55% of
the input counts per minute. As previously
noted (4), the Ki-NRK cell also contains RNA
which is detected with this Ki-MuLV *H-DNA,
and it saturates at 14% of the input counts per
minute, a level lower than the rat cells produc-
ing Ki-MuLV. In contrast, the RNA from NRK
cells producing an endogenous rat type C virus
does not hybridize to the Ki-MuLV probe; in
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Fic. 1. Hybridization of various rat cell RNAs with
Ki-MuLV *H-DNA. Symbols: @, NRK producing
RaLV; O, NRK producing Ki-MuLV; A, Ki-NRK.
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studies shown below, this RaLV-producing cell
did contain RNA which hybridized to the *H-
DNA made from NRK rat virus. The results
indicate that the RNA detected in the Ki-NRK
cell with Ki-MuLV is not due to rat type C virus
that replicates in NRK cells but is associated
with the expression of the Kirsten sarcoma
genome in these cells. To insure the genetic
stability of the nontransforming murine type C
sequences associated with the Kirsten sarcoma
genome, the sarcoma virus from Ki-NRK was
rescued with RaLV transmitted to a new trans-
formed NP cell derived from soft agar. The
RNA from this NP cell now also contained the
sequences homologous to Ki-MuLV.

The above results suggest that one set of
information expressed in Ki-SV NP cells con-
sists of genetically stable sequences contained
in murine type C viral RNA. To explore the
possibility that other viral or nonviral sequences
were expressed i~. NP cells, the RNA in Kirsten
transformed mouse cells (Ki-A31) was hybrid-
ized with *H-DNA from Ki-MuLV (same probe
as used above) or from Ki-SV/Ki-MuLV grown
in rat cells. It is important to note that this
preparation of Ki-SV/Ki-MuLV has a three- to
fivefold biological excess of transforming virus
compared with infectivity titrations of the non-
transforming helper virus (4, 16). The hybridi-
zation results with these different probes are
shown in Fig. 2. The transformed Ki-A31 mouse
cells contained RNA which was detectable with
either probe. At the point of maximal hybridi-
zation, 42% of the input *H-DNA probe hybrid-
ized with the Ki-SV/Ki-MuLV probe, and 19%
hybridized with the Ki-MuLV probe. The re-
sults indicate that Ki-SV DNA probes contain

T T T T T

50+ 42000

4 4
- OF 1600
S
= o
a b
3 z
2 3o 1200 %
o @
2 2
3 o
5 8
@ 20+ 4 800
4
w
a

10 4 400

1 1 1 1 1
200 400 600 800 1000
RNA(ug)

Fic. 2. Hybridization with Ki-A31 RNA. Symbols:
O, *H-DNA from Ki-SV/Ki-MuLV; @, *H-DNA from
Ki-MuLV.

SCOLNICK ET AL.

dJ. VIROL.

some different sequences than those contained
in murine leukemia virus (MuLV) DNA probes.
To determine what is represented by these novel
sequences in the sarcoma virus probes, addi-
tional cells were studied for hybridizable RNA
with the Ki-SV/Ki-MuLV probe (Fig. 3). RNA
from mouse cells producing Ki-MuLV alone
hybridized to only 9 to 10% of the input sarcoma
probe even at saturation, whereas the RNA
from mouse cells producing Ki-SV and Ki-
MuLV saturated at 50 to 53% of the input
counts per minute. RNA from either Kirsten
nonproducer Ki-A31 or Kirsten nonproducer
NIH 3T83 cell saturated at 40 to 42% of the input
counts per minute. These results indicate that
the *H-DNA from Ki-SV/Ki-MuLV with a bio-
logical excess of Ki-SV contains information not
contained in mouse cells producing MuLV.
Thus Ki-A31 or Ki-NIH cells contain sarcoma
virus-specific RNA in addition to any RNA of a
potential endogenous murine type C virus.

To explore the origin of the additional se-
quences in Ki-SV, the *H-DNA from the NRK
endogenous rat virus was used. This *H-DNA
was hybridized to RNA from the same NRK
cells as in Fig. 1 producing endogenous rat type
C virus, to RNA from 3T12 transformed mouse
cells, to NP mouse cells transformed by Mo-
loney sarcoma virus (Mo-A31), to NIH mouse
cells producing Ki-MuLV, or to RNA from
Ki-A31 or Ki-NIH mouse cells (Fig. 4). The rat
cell line NRK, producing its rat type C virus,
has RNA which hybridizes to 50 to 55% of the
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Fic. 3. Hybridization of Ki-SV/Ki-MuLV °*H-
DNA with various mouse cell RNAs. Symbols: O,
NIH cells producing Ki-SV/Ki-MuLV; @, NIH cells
producing Ki-MuLV; A, Ki-A31 cells; O, Ki-NIH
cells.
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Fic. 4. Hybridization with RaLV *H-DNA. Sym-
bols: O, NRK producing RaLV RNA; A, Ki-NIH
RNA; @, Ki-A31 RNA; B, Mo-A31, or BALB/c
3T12, or NIH producing Ki-MuLV RNA.
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input RaLV °*H-DNA counts per minute. In
contrast, neither 3T12, Mo-A31, or NIH-Ki-
MuLV cells contain RNA which hybridize
(<1%) to this same *H-DNA. Both the Ki-NIH
and KI-A31 cell do, however, contain RNA
which hybridizes to the *H-DNA from rat type
C virus, saturating at approximately 15% of the
input counts per minute. In other experiments
to be reported in detail elsewhere, C.t analysis
using RaLV *H-DNA could also detect rat
sequences in Ki-NIH and Ki-A31 cellular DNA
but not in Mo-A31 cellular DNA. The results
indicate that mouse cells transformed by Ki-SV
contain RaLV genetic information, and that
this information is not contained in mouse cells
transformed by Mo-SV.

To insure the genetic stability of the associa-
tion of rat sequences with Ki-SV transformed
NP mouse cells, the Ki-NIH mouse NP cell was
superinfected with Ki-MuLV virus passaged in
only mouse cells. The rescued focus-forming
virus was transmitted to new NIH 3T3 cells and
NP foci isolated from soft agar. These cells
again contained comparable levels of RNA and
DNA which hybridized to the rat type C °H-
DNA product (not shown).

The results with Ki-SV in rat cells indicated
that Ki-SV contains murine type C viral nucleic
acid sequences. The results in mouse cells
indicated that Ki-SV contains additional infor-
mation also, and that part of this information is
contained in RNA found in rat type C helper
virus. The studies with Mo-SV-transformed
mouse cells also indicated that Mo-SV did not
contain rat type C virus information.
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Earlier studies had shown that Mo-NRK NP
cells did contain information homologous to
MuLV (4). The RNA in Mo-NRK cells was
re-examined with both Ki-MuLV *H-DNA and
Ki-SV/Ki-MuLV ®H-DNA (Fig. 5). With the
SH-DNA from Ki-MuLV, homologous RNA can
be readily detected in Mo-NRK cells but not in
NRK cells, or as noted above (Fig. 1), in NRK
cells producing rat type C virus. In contrast,
with the *H-DNA from Ki-SV/Ki-MuLV which
contains the excess of Ki-SV information, Mo-
NRK and NRK cells are barely distinguishable,
and very little RNA attributable to Moloney
sarcoma infection can be detected. In studies
not shown, the low level of hybridization ob-
served in NRK with the Ki-SV-containing
probe has been found to be due to rat type C
RNA in the NRK cells. The results indicate that
Mo-SV contains mouse type C nucleic acid
sequences and that Ki-SV and Mo-SV differ in
their information content.

DISCUSSION

Transformation of fibroblasts in cell culture
by type C sarcoma viruses has provided a
unique opportunity to study the mechanism(s)

- of viral transformation. The involvement of

temperature-sensitive viral mutants in the
maintenance of transformation (2, 11, 14, 18)
suggests the direct involvement of a viral gene
in the transformation event. To study further
the viral information which encodes for this
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Fi1c. 5. Hybridization with NRK versus Mo-NRK
RNA. ®, NRK RNA hybridized to Ki-MuLV *H-
DNA; O, Mo-NRK RNA hybridized to Ki-MuLV
*H-DNA; O, Mo-NRK RNA hybridized to Ki-SV/Ki-
MuLV *H-DNA; B, NRK RNA hybridized to Ki-
SV/Ki-MuLV *H-DNA.
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event it was necessary to be able to distinguish
sarcoma virus-specific RNA in sarcoma-trans-
formed nonproducer cells from any potential
RNA in these cells contributed by endogenous
viral information present in both murine and
rat cells. This separation has been possible by
the finding that murine and rat type C viral
*H-DNA products do not share significant ge-
netic homology (less than 1%). Because of this,
we could compare the RNA in mouse and rat
nonproducer cells transformed by Ki-SV and
distinguish sarcoma virus-specific RNA from
that of endogenous murine or rat type C RNA.
Ki-SV transformed rat cells, which are not
producing virus or known viral proteins, do
contain RNA which hybridizes to the SH-DNA
product from nontransforming murine virus
preparations; the same Ki-MuLV *H-DNA
product will not hybridize with rat type C viral
RNA. These results indicate that Ki-SV ge-
nome contains sequences present in nontrans-
forming murine type C viral RNA. Whether this
information is covalently linked to the trans-
forming sequences is not known, nor can we rule
out the less likely possibility that these rat cells
contain a novel rat type C virus which has
homology to Ki-MuLV and is induced by infec-
tion with Ki-SV.

Studies with the °H-DNA products from
Ki-SV/Ki-MuLV compared with Ki-MuLV re-
vealed that Kirsten NP BALB/c cells contain
higher levels of novel RNA sequences in addi-
tion to RNA related to the nontransforming
murine type C viruses. This novel RNA is
sarcoma virus-specific RNA and not simply that
of a potential endogenous virus of murine cells.
These results are consistent with the data
which showed differences between sarcoma and
leukemia viruses by other types of nucleic acid
hybridization studies (16). Again we cannot rule
out the possibility that BALB/c cells contain a
murine virus that has nucleic acid sequences
distinct from those detected with Ki-MuLV
3H-DNA, is induced by Ki-SV but not Mo-SV,
and is homologous to rat virus *H-DNA.

To investigate the origin of these additional
sequences, we used a *H-DNA probe from an
endogenous rat type C virus. This *H-DNA
probe did not hybridize to the RNA from BALB
3T12 cells or BALB/c cells transformed by Mo-
SV, or to the RNA from NIH mouse cells
producing Ki-MuLV. However, this *H-DNA
did hybridize to genetically stable RNA con-
tained in Kirsten NP BALB/c or NIH mouse
cells. In addition, this RNA, homologous to rat
type C virus, was detected in Kirsten NP mouse
cells derived from the virus in the original
isolate of Ki-SV. The results indicate that
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Ki-SV contains two distinct sequences of nu-
cleic acid. One set is homologous to *H-DNA
derived from an endogenous reaction of a mu-
rine type C virus, and the other is homologous to
*H-DNA from an endogenous reaction of rat
type C virus. Both of these sequences are a
genetically stable part of Ki-SV.

As noted above, the history of isolation of
Ki-SV was that Ki-MuLV was passaged in rats,
whereas Mo-SV was derived by passage of
Moloney leukemia virus in mice. After passage,
in each case the nontransforming murine helper
virus now also contained a transforming virus,
which was later isolated as an NP genome in
various cells. With the above data about Ki-SV,
the history of isolation from rats suggests a
possible model for formation of this transform-
ing virus. During passage of Ki-MuLV in rats, a
recombinational event occurred with informa-
tion contained in rat cells. The process resulted
in the formation of a recombinant between
Ki-MuLV and sequences in the rat cells. Thus
Ki-SV now contains some Ki-MuLV informa-
tion plus additional information. Part of this
additional information clearly has homology
with information contained in rat type C vi-
ruses. This rat information can be transduced
into mouse cells during the process of transmis-
sion of Ki-SV from rat cells to mouse cells or
mouse cells to mouse cells. Presumably, Mo-
SV resulted from similar events in mouse cells;
different strains of Mo-SV (3, 6) may then sim-
ply reflect varying amounts or kinds of MuLV
sequences associated with the transforming
information.

It is known from studies on temperature-sen-
sitive mutants of Ki-SV that the constant
functioning of a gene product of Ki-SV is
needed to maintain transformation (14). The
unanswered question is the origin of the infor-
mation responsible for the maintenance of
transformation. One possibility is that this
information is due to some unique combination
of the sequences detected with the *H-DNA
probes made from the nontransforming rat type
C virus and mouse type C virus sequences that
are detected in Ki-SV transformed cells. Alter-
natively, other sequences contained in Ki-SV
distinct from those in our rat type C and mouse
type C *H-DNA products, possibly of rat cellu-
lar origin, may have been acquired during
formation of Ki-SV which contain the informa-
tion necessary for the maintenance of transfor-
mation.

The current studies provide experimental
proof for the hypothesis (17) that transduction
of information by type C viruses can occur. In
this case the process occurred in the animal and



Vou. 12, 1973

was accompanied by a transformation event
which allowed the transduction event to be
recognized. Based on these results, it is reasona-
ble to try to ascertain whether transductional
events are also involved in the production of
other, naturally occurring sarcomas and leu-
kemias. It is tempting to speculate that type
C viruses also have the ability to transduce
information in ways that do not lead to on-
cogenesis, perhaps even more commonly, but
there is no assay yet available for these trans-
duction events. Studies with type C viruses are
currently in progress to develop assay systems
to ascertain if transduction leading to trans-
forming or nontransforming events can be made
to occur with regularity in cell culture.
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